ABSTRACT: The cable-stayed bridge is often influenced by the external environment (corrosion and vibration fatigue) during operation, which reduces the strength of stay cables and makes it fatigue, and it shortens the life of a cable which destroys the structural performance. Therefore, cable force measurement of stay cables is of great significance for cable-stayed bridge in both construction period and completed status. The measurement of the fundamental frequency of cable vibration is one of the key problems in cable force measurement. The author puts forward Zoom-FFT method which can obtain the fundamental frequency of cable vibration with a high degree of accuracy. The general procedure for the determination of the fundamental frequency of stay cables is: (1) Cable-stayed vibration signal test was subject to spectral analysis, and then read each frequency value corresponding to the peak in the spectrogram, by making the subtraction between adjacent peaks in cable-stayed averaging method to obtain an approximate fundamental frequency value. (2) Read frequency value corresponding to the maximum peak in the spectrogram, calculate the corresponding order, and obtain an approximate fundamental frequency value again. (3) According Zoom-FFT algorithm, make a detailed analysis in the range of selected bands, and determine the frequency value corresponding to the highest peak value, which is the fundamental frequency. (4) Bring the fundamental frequency values into the string vibration equation, and then determine the cable force. The proposed method improves the accuracy of recognition of fundamental frequency of stay cables, and greatly reduces the technical problems in cable force testing, which can be widely applied in cable tension detection in industry field.
INTRODUCTION
Cable is an important part of cable-stayed bridge, and cable force is one of the extremely important parameters of reacting those structures; The cable-stayed bridge is often influenced by the external environment (corrosion and vibration fatigue) during operation, which reduces the strength of stay cables and makes it fatigue, and it shortens the life of a cable which destroys the structural performance [1, 2, 15, 24] . Therefore, no matter in the period of building bridges or under the finished bridge state, the accurate measurement of cable force of stay cables is of great significance.
There are many detective methods cable force, and the traditional methods are oil pressure gauge reading method, sensor reading method, frequency method, et al.. The advantages, shortcomings and applicable situations of common used methods for detecting cable force are shown in Table 1 .
Among them, the frequency method uses the precise vibration sensor to pick up the vibration signal of stay cable under natural excitation, and then confirm the cable force according to the spectrum analysis method [3, 4, 5] , which has been widely used in engineering.
BASIC PRINCIPLE OF CABLE FORCE MEASUREMENT
According to the theory of string vibration, the relationship between cable force and natural vibration frequency of stay cables can be obtained [6] , and the dynamic equilibrium equation of stay cables is:
Where, ρ is mass per unit length of cables; y is coordinate which is perpendicular to the longitudinal di-rection of stay cable; x is coordinate of the longitudinal direction of stay cable; EI is the bending stiffness of stay cable; T is cable tension; t is time. If cable's both ends are hinged, the solution of formula (1) is:
Where, L is the cable length; f is n-th natural vibration frequency of cable; n is the order of vibration. For specific cables, L, E, I, ρ are known quantities, so when the inherent frequency is measured, cable tension T can be obtained according to the boundary conditions. For flexible cables, EI can be ignored, so there are:
Resulting in cable tension measurement inaccuracies factors
Because of restrictions of measurement conditions and measuring-point arrangement on the scene, when the vibration frequency method is adopted to measure the cable force of stay cable, acceleration sensors are generally difficult to be arranged in the midpoint of cable length which is usually in the vicinity of bridge deck. It leads to the actually measured dynamic response of cables is mostly higher modes, and the low-order vibration energy is limited, which means it is difficult to directly obtain the first natural vibration frequency (fundamental frequency) of stay cables [7] . Moreover, the low-frequency stage of stay cable is low, and often couples with bridge deck slab or fundamental frequency of bridge tower, which results in that, in data processing results of actually measured accelerated speed, the frequency corresponding to the most prominent peak on the spectral curve may be some higher frequency instead of fundamental frequency of stay cables. In addition, wind, rain and other natural excitations can also affect the fundamental frequency of stay cable [8] [9] [10] [11] . Studies have revealed the law that the ratio of natural vibration frequency of stay cables and order n slowly increases with n value [12] , which shows that the difference value of corresponding frequency of adjacent peaks in spectral curve is not exactly equal, and is not always equal to the fundamental frequency. Hence, there is large error in the fundamental frequency value of stay cable determined by frequency difference method.
Study on improving method of cable tension measurement accuracy
Spectrum zoom technique develops rapidly in recent years, and has been greatly improved in terms of the accuracy of analysis, computational efficiency, resolution and flexibility. Wherein, Zoom-FFT method based on multiple-modulation is one of effective methods, which has relatively wide range of applications. Experimental results of Xin Wu, et al. show that 1024 points Zoom-FFT algorithm has similar resolution to 16384 points FFT within the range of selected frequency band [13] . Therefore, based on the traditional FFT analysis methods, using Zoom-FFT algorithm, measure the cable force of stay cable by vibration frequency method, and then more accurate fundamental frequency is obtained, which helps to improve the speculative accuracy of the cable force.
Experimental verification refinement method can improve the spectrum frequency resolution
Signal prototype is x = 30 * cos(2 * π * 1. * t) + 30 * cos(2 * π * 1.001. * t)+ 25 * cos(2 * π * 1.003. * t)+25 * cos(2 * π * 1.003. * t) 25 * cos(2 * π * 1.003. * t)+45 * cos(2 * π * 1.005. * t)+50 * cos(2 * π * 1.009. * t). In program design, the sampling rate is 10Hz, the sampling time is 10000s, and the range of selected band is 0.99Hz to 1.01Hz. Zoom-FFT source is shown in Figure 1 . The spectrum zooming diagram obtained through Zoom-FFT is shown in Figure 2 . We can see from the figures that, the spectrum zooming algorithm has high precision in the selected band frequency resolution.
GENERAL STEPS OF MEASUREMENT OF CABLE FORCE
The author puts forward spectrum zooming method which can obtain high precision fundamental frequency of cable vibration. The general procedure is:
(1) Analyze the autopower spectrum of the measured cable vibration signal, read the frequency values corresponding to peaks in the spectrogram, and obtain the approximate fundamental frequency value fc1 of the stay cable through frequency difference method;
(2) Read frequency value corresponding to the maximum peak value in the spectrogram, calculate the corresponding order, and then the approximate fundamental frequency value fc2 is obtained again.
(3) According to the Zoom-FFT algorithm, conduct spectrum zooming analysis in the range of selected spectrum bands, and determine the frequency value corresponding to the highest peak as the fundamental frequency f0.
(4) Bring the fundamental frequency value f0 into the string vibration equation, and determine the cable force of stay cable.
The specific process of frequency difference method in step (1) is: read the frequency values fi, fj,…, fn corresponding to all peaks, arrange them as ascending order, and then make the subtraction between adjacent peaks to get Δf1, Δf2,…, Δfn. Then calculate the average value of multiple difference values of frequency, which is approximate fundamental frequency
The specific process of obtaining the approximate fundamental frequency value fc2 in step (2) is: read the frequency value fk corresponding to the maximum peak in the spectrogram, obtain the corresponding
, and then determine the approximate fundamental frequency 2
Specifically, in step (3), according to the Zoom-FFT algorithm, conduct spectrum zooming analysis in the range of selected spectrum bands, which starts from min(fc1,fc2)-5 * abs(fc1-fc2) and ends with max(fc1,fc2)+ 5 * abs(fc1-fc2) .
The string vibration equation in step (4) is T 4ρL f , wherein,  is mass per unit length of stay cables (kg/m), L is the calculated length of cable (m), and f0 is the fundamental frequency value of cable vibration of the cable-stayed bridge (Hz).
ENGINEERING VERIFICATION
Take Xiangtan Bridge as an example, which is the prestressed concrete cable-stayed bridge with double tower and double cable plane, and its combined span is (133 + 270 + 133)m. The width of bridge deck slab of main girder is 24m, and the length of the standard segment is 8m. The fan-shaped stay cables consist of cool cast anchors and cable-stayed steel body. Wherein, the plastic bag parallel steel tendon, the Φ7 galvanized the high-strength steel wire, and double-layer sheath (the inner layer is black high density polyethylene and the outer layer is chromatic are adopted. There are 16 pairs of cable in each fan-shaped cable plane, which are divided into river lateral funiculus represented by letter J, and shore lateral funiculus represented by letter A. The 1st cable is shortest, the 16th cable is longest, and each number of the cable is corresponding to the two stay cable in up-and downstream. The construction of the façade structure of the cable-stayed bridge is shown in Figure 3 . The image of field test is shown in Figure 4 . The measurement instrument of cable force of cable-stayed bridge is shown in Figure 5 . Table 2 shows the basic parameters of stay cables. In the test, the sampling frequency is Fs=100Hz, the sampling length A=16K, and the natural excitation method is adopted. The frequency spectrum curve is obtained by the power spectrum method, and the frequency resolution is W1 = Fs / A = 6.1E-5.
For comparison, the frequency difference method, the integrated frequency difference method proposed by Zuozhou Zhao, et al., and the method proposed in this paper are used to calculate and analyze of test results of the stay cables J12, J13 and J16 of the cable-stayed bridge above-mentioned and the string model equation is adopted for the solution of cable force.
Taking stay cable J12 as an example, introduce the method proposed in this paper in detail. For the stay cable J12 of the 26th pier, the time-history curve of vibration is shown in Figure 6 and the power spectrum of vibration signal is shown in Figure 7 .
Firstly, determine frequency values corresponding to wave crests in Figure 7, which are fa=1.177Hz,  fb=2.198Hz, fc=3.276Hz, fd=4.315Hz, fe=5.373Hz,  ff=6.48Hz, fg=7.784Hz . Secondly, calculate the approximate value of the fundamental frequency according to the frequency difference method, 1.1Hz, and determine the order N corresponding to the maximum peak, N t 6 . Then calculate the initial value of the fundamental frequency 1.08 again. Next, determine the range of spectrum zooming, which starts from min(fc1,fc2)-5 * abs(fc1-fc2)=0.98Hz and ends with max(fc1,fc2)+ 5 * abs(fc1-fc2)=1.2Hz. In the selected band, use the Zoom-FFT algorithm, and then obtain the spectrum zooming diagram of the bandwidth, as shown in Figure 8 . As can be seen from Table 3 , the errors of cable force predicted by three methods are all within 5% basically, and that predicted by Spectrum zooming method are all within 1%. The method proposed in this paper makes full use of the spectrogram, obtains more accurate fundamental frequency by Spectrum zooming method, and the predicted errors also obviously decrease. As the method proposed in this paper, test the stay cables from J1 to J16 of the 26th pier, and get the comparison diagram of the results of the measured and designed cable force, as shown in Figure 9 . Wherein, A is the designed cable force, and B is the measured cable force.
CONCLUSION
This paper presents a method which is applied in the measurement of cable force of stay cables of large cable-stayed bridge. The general procedure for the determination of the fundamental frequency of the stay cable is:
(1) Cable-stayed vibration signal test was subject to spectral analysis, and then read each frequency value corresponding to the peak in the spectrogram, by making the subtraction between adjacent peaks in cable-stayed averaging method to obtain an approximate fundamental frequency value.
(2) Read frequency value corresponding to the maximum peak in the spectrogram, calculate the corresponding order, and obtain an approximate fundamental frequency value again.
(3) According Zoom-FFT algorithm, make a detailed analysis in the range of selected bands, and determine the frequency value corresponding to the highest peak value, which is the fundamental frequency.
(4) Bring the fundamental frequency values into the string vibration equation, and then determine the cable force.
This method will help high-precision test of cable force and the advantages are as follows:
Based on the Zoom-FFT algorithm, the recognition accuracy of the fundamental frequency is improved, and the risk of inaccuracy of fundamental frequency test is reduced.
According to Table 3 and Figure 9 , it can be shown that the proposed method has higher accuracy than traditional testing methods.
